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A Photo-absorption cross-section of the azulene molecule

To describe the azulene molecule studied in Sec. 4, we compute the electronic structure of the

azulene molecule in real space using the same setup as that in Ref.1 for the benzene molecule.

That is, the simulation box is a cylinder of length 8 Å with a radius of 6 Å in the x-y plane

and a spacing ∆x = 0.22 Å . We treat the core electrons of the carbon and hydrogen atoms

using the local-density approximation (LDA) Troullier-Martins pseudopotentials.2 Since the
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Figure 1: Comparison of the photo-absorption cross-section of an azulene molecule using the
electron-photon Sternheimer and Casida methods. (a) Absorption cross-section in free space
(i.e. λα = 0). Coupling the cavity mode resonantly to the π − π∗ transition and increasing
the coupling strength continuously as in (b) to (d) leads to a Rabi splitting into lower and
upper polariton branches. Both approaches are in good agreement for the computed spectra.

Sternheimer method considers only occupied orbitals, the 48 valence electrons that amounts

to 24 doubly occupied orbitals are used in the computation. When we use the Casida

approach, we include 500 unoccupied states which amounts to Nv ∗ Nc = 24 ∗ 500 = 12000

pairs of occupied-unoccupied states. Also, we compute the electronic structure for the LiH

molecule using a simulation box which is a cylinder of length 20 Å with a radius of 6

Å in the x-y plane and a spacing ∆x = 0.14 Å . The core electrons of lithium and hydrogen

atoms are also treated using the LDA Troullier-Martins pseudopotentials.2 To account for the

electron-electron and electron-photon interaction in the linear-response QEDFT framework,1

we apply the adiabatic LDA (ALDA) to the Hartree exchange-correlation kernel (i.e. fnHxc →

fnHxc,ALDA) and the photon random-phase approximation to the photon exchange-correlation

kernels (i.e. fnpxc, f
qα
pxc → fnp , f

qα
p ), respectively. We compute the photo-absorption cross-
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Figure 2: The spectrum of the imaginary parts of the polarizability and photon displacement
coordinate of an azulene molecule in free space and in an optical cavity. (a) The free space
case where light decouples from matter and there is no response from the photon subsystem.
Panels (b)-(d) shows the light-matter coupled case where both observables are shown to have
the same excitation energies but different oscillator strengths.

section of the azulene molecule in free space and inside the high-Q optical cavity and the

results are shown in Fig. (4). This result is related to the imaginary part of Fig. (2) and it

shows more excitations at higher energies.

In the linear-response setting of non-relativistic QED in the length gauge,1 the response

quantities that arise have the same excitation energies but different oscillator strengths as

shown in Fig. (8) for two observables of interest. This is because their respective response

functions have the same excitation energies and different oscillator strengths.1
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